The strength of a corrugated container is usually determined and reported as crush strength under progressively increasing top-to-bottom compressive load. 1 The test is performed in seconds in a controlled constant temperature and relative humidity environment. However, a dynamic strength test under controlled conditions cannot account for the reduction in load-carrying ability inherent in the extended duration and changing humidity environment of actual warehousing and storage. In actual use, the container may be required to carry load for a period of many months, experiencing dozens of cyclic changes in relative humidity and, less significantly, temperature. Apparently, other means are needed to effectively measure and predict the long-term, load-carrying ability of corrugated board and containers in the actual service environment.
The strength of a corrugated container is usually determined and reported as crush strength under progressively increasing top-to-bottom compressive load. 1 The test is performed in seconds in a controlled constant temperature and relative humidity environment. However, a dynamic strength test under controlled conditions cannot account for the reduction in load-carrying ability inherent in the extended duration and changing humidity environment of actual warehousing and storage. In actual use, the container may be required to carry load for a period of many months, experiencing dozens of cyclic changes in relative humidity and, less significantly, temperature. Apparently, other means are needed to effectively measure and predict the long-term, load-carrying ability of corrugated board and containers in the actual service environment. [2] [3] [4] ASTM Method D4577-66 5 has been approved for the testing of containers, but suitable standards have not been set for testing paperboard and corrugated board.
In 1987, Considine and Gunderson 6 described a method for mechanical testing of paperboard during compressive creep in a cyclic humidity environment. The USDA Forest Service, Forest Products Laboratory (FPL), recently developed a device for evaluating corrugated board (the composite of linerboard faces and fluted corrugating medium) under conditions of constant load in a cyclic humidity environment. In this new device, corrugated board specimens can be loaded in either edgewise compression or flat-wise bending. Corrugated board performance in these two modes is generally accepted as the dominant factor in determining container strength in dynamic tests.' Because our constant load tests are necessarily of extended duration, testing multiple specimens at the same time is most efficient. The FPL apparatus is configured to load 28 specimens in edgewise compression and 30 specimens in four-point bending, but it can be reconfigured to test as many as 70 specimens in compression or 50 in bending.
LOADING APPARATUS AND SPECIMEN DESCRIPTION Compression
The compression load frame is designed to provide constant edgewise load to the specimen. While under load, the specimen swells and shrinks as the relative humidity (RH) increases and decreases. Also, specimen height decreases progressively (compressive creep) over the extended load period.
Design of the compression load frame is shown schematically in Fig. 1 . Access for installing or removing specimens is convenient because the load head is cantilevered from the guide rod. Load applied to the specimen may be increased or decreased by adjusting the position of the weight to the left or right on the lever arm. Load is applied to, or removed from, all specimens at the same time by lowering, or raising, the weight elevator.
The platform (Fig. 1) , which carries multiple load devices. is 305 by 710 mm and includes 14 separate load frames. The specimen is 51 mm wide and 38 mm high, the size specified by the Technical Association of the Pulp and Paper Industry (TAPPI) for measuring the edgewise compressive strength of corrugated board. 8 The upper and lower edges of the specimen are paraffin-treated in accordance with TAPPI procedure. In our apparatus, a single-ply, C-size corrugated board specimen with a nominal crush strength of 8 kN/m at 50 percent RH would be loaded at 2 to 3 kN/m to evaluate its ability to carry load for an extended period with RH cycling between 50 and 90 percent. Performance of the specimen, at a given load. is defined as a function of time and deformation of the load head relative to the platform (Fig. 1) . Time to fail and rate of Volume 18, No. 1 
Bending
The bending load frame is designed as a four-point bending apparatus to create a constant-moment, zero-shear test region in the mid-third of the specimen between the stationary supports. Figure 2 is a schematic of the design. Stationary supports carry the specimen and rollers load the specimen at the end of the load frame. The weight of the load frame creates a bending moment that is the deforming force. The load frame was designed to carry additional weight to trim the load to desired values. The bending specimen is 280 mm long and 40
Fig. 2-Bending load frames for evaluating bending creep in corrugated board exposed to constant bending moment
mm wide, sufficient width to include six full C-size flutes. The constant-moment zone (that portion of the specimen between the stationary supports) is 114 mm long: the distance between the rollers is 230 mm. Each platform carries 10 load frames and measures 305 by 710 mm (same size as the platform of the compression load frame). Performance of the specimen is measured as time to fail or rate of deformation; deformation is defined as vertical displacement of the center of the specimen portion subjected to constant-moment load.
DEFORMATION MEASUREMENT
Because continuous measurement is unnecessary in these long-term tests, we use a single displacement gage to sequentially monitor each of the 58 test specimens. The gage is conveyed to each specimen by a precision gantry (Fig. 3) comprising two 1,500-mm Parker Hannifin Co. series L-20 * linear stepper motors running the length of the test bed (x axis) and a single 760-mm L-20 series linear stepper motor mounted in the transverse (y-axis) direction. Each motor has a stationary "platen" and a moving "forcer." The forcer is held to the platen by magnetic attraction but is carried free of the platen by air bearing, which allows frictionless linear movement between forcer and platen. In the configuration in Fig.  3 , the 1,500-mm-long x-platens are stationary and the two x-forcers are electrically driven to move synchronously along the platens. The y-platen bridges the distance between the two x-forcers, and the y-forcer carries the displacement gage. By means of combined x and y movements of the gantry, the gage can reach each specimen under test. Position accuracy of the gantry with the field is ±0.06 mm per axis.
Fig. 3-Precision X-Y gantry of air-bearing supported linear stepper motors and pneumatic-servo displacement gage
The displacement gage is a Schaevitz Engineering device (Mdl #PPD-1000), which integrates a linear variable differential transformer (LVDT) sensor with a pneumatic servo-
*The use of trade or firm names in this publication is for reader information and does not imply endorsement by the U.S. Department of Agriculture of any product or service.
mechanism (follower). In this device, an air-nozzle probehead is linked with a pneumatic cylinder to form a closed loop servo system capable of following z-axis displacements without actual contact between probe-head and specimen. The pneumatic cylinder also provides capability for extending and retracting the probe-head. The system has a measurement range (z-direction) of ±25 mm with repeatability of 0.013 mm over the entire range. The air jet emitted by the nozzle in the probe-head applies 8 to 10 g of gauging force to the surface being gauged. In our system, the gantry positions the displacement gage over the selected specimen; the displacement gage extends, reads deformation. and retracts. The gantry then proceeds to the next specimen. A measurement cycle requires 15-s per specimen and approximately 15 min for the full array of 58 specimens and calibration steps.
Deformation of a compression specimen is measured by positioning the gage over the appropriate specimen and extending the probe to the top surface of the load head (Fig. 1) . Deformation of bending specimens is determined from a single reading at center span of the bending specimen. A more precise measure of bending deformation can be determined from a series of readings on each specimen taken as the gantry traverses the constant moment portion of the specimen. Radius of curvature of the deformed specimen is computed from a best fit to the data, i.e., pairing the readings of traverse along the specimen with vertical deformation.
The complete instrument (Fig. 4) consists of compression and bending load frames, supporting table, weight elevator, gage positioning gantry, and noncontact displacement gage. A computer operates the gage and gantry and collects and analyzes deformation data. The instrument, without the computer, is situated in a humidity-controlled room where the RH can be cycled over the range from 30 to 90 percent while temperature is either held constant or cycled from 10°C to 
TEST RESULTS
Two corrugated boards made from the same linerboard and corrugating medium components were tested. Board A was assembled using a water-resistant adhesive, board B with a conventional starch adhesive. The two boards exhibited equal edgewise compressive strength at 73°F (23°C) and 50 percent RH when measured by TAPPI Standard T-811. The loads applied to the specimens were identical in the tests reported here. Additional samples of both A and B specimens were dip-coated with paraffin wax to retard the absorption of water vapor. Results obtained with these specimens are indicative of performance in a stable RH environment.
The cyclic RH test samples included 16 uncoated specimens and 12 wax-coated specimens. These groups were divided into specimens bonded with water-resistant adhesive (A), or starch adhesive (B). All specimens carried the same compressive load: 25 percent of the average strength at 50 percent RH. The RH was cycled between 50 and 90 percent at constant 25°C. Relative humidity was ramped from one level to the other in a period of 1 h and held constant for 6 h. Cycle length was 14 h. Figure 5 shows data from a compression test of more than 3 days (more than six RH cycles) duration. In this environment all uncoated B specimens failed during the first two cyclic changes to the 90-percent RH level, i.e., within the first 28 h. During this period, only one uncoated A specimen failed. The remainder of the uncoated A specimens failed during the third, fourth, and fifth cycles at 90 percent RH. i.e., between 28 and 70 h. The RH cycles on the displacement data of Figure 5 also shows the slower, progressive (noncyclical) compressive displacement of the wax-coated specimensboth A and B. In plotting these data, we did not differentiate between A and B specimens because we found no significant difference in their performance when coated with paraffin.
Compression
Three aspects of the test are noteworthy: (a) the uncoated specimens failed at a load level approximately one-quarter of the strength determined in a standard edgewise compression test: (b) the load carrying abilities of uncoated A and B specimens were shown to be different even though the specimens had the same strength at standard conditions: and (c)the mode of deformation and failure of the corrugated board under extended duration of load was different from the mode of deformation and failure for the linerboard and medium components of the corrugated board.
When linerboard and medium were evaluated for compressive strength. as in the short-span compression strength tester 9 or the FPL vacuum restraint apparatus, 10 failure was highly localized. The rest of the sheet remained in-plane and was not visibly affected (Fig. 6 ). The total strain imposed on a specimen to bring it to failure is nominally 0.5 to 1.0 percent. However. under long-term compressive loading in the cyclic RH environment, corrugated board developed a highly exaggerated pattern of small-scale buckling deformation between the glue lines at the flutes over the entire surface of the test specimen (Fig. 7) . This pattern developed long before failure, but became progressively more exaggerated as failure approached. In a previous study, this pattern was less apparent, but also happened in dynamic compression of corrugated board. 11 Strain-at-failure for the corrugated board was an order of magnitude greater than that observed for the compressive failure of the components.
Bending
The bending load frame subjected the mid-third portion of the specimen to a constant-moment load (zero-shear stress). The specimen responded by bowing or bending. We monitored this out-of-plane deformation and reported the result as center displacement of best-fit-radius-of-curvature for the mid-third of the specimen. Physical constraints of the apparatus limited our measurement to a minimum radius of curvature of 860 mm (center deflection approximately 4 mm). This corresponds to a bulge of just over 25 mm in a container 300 mm high.
If we envision that bending is the result of equal amounts of tensile and compressive strain in the top and bottom faces of the corrugated board, the bending test can be understood as a very sensitive evaluation of creep strain in the top and bottom linerboards. For a C-size flute corrugated board with typical thickness of 4.2 mm, the maximum strain in each linerboard is only 0.25 percent at the limit of bending within the load frame. Bending creep curves show compressive and tensile deformation of the linerboards in a strain range that is an order of magnitude smaller than that of the compression test.
In this demonstration test of more than 3 days (more than six RH cycles) duration, all 16 uncoated specimens (both A and B) deformed to the limit (displacement of 4 mm) by the end of the second 90-percent RH cycle under load. The wax-coated specimens deformed at a very slow constant rate. After approximately six RH cycles, curvature caused by bending creep was virtually imperceptible.
CONCLUDING REMARKS
This report describes a useful testing apparatus for measuring the deformation of large numbers of specimens using a single LVDT. The application of this equipment requires long term monitoring of specimens subjected to load and cyclic relative humidity conditions. This equipment is instrumental in demonstrating the affect of cyclic moisture on the creep properties of corrugated board when loaded in edgewise compression and flat-wise bending.
